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.2012.07.0Abstract We have reported the modiﬁcation of biomolecule with nanomaterials. In this paper, the
electrochemical response of different FAD-dependent enzymes at carbon nanomaterials modiﬁed
electrode. The modiﬁed electrode also exhibits a promising enhanced electrocatalytic activity
toward the oxidation of substrate. Different methods were used for fabrication of modiﬁed elec-
trode. The presence of nanomaterials enhances the enzyme loading and stability. Cyclic voltammo-
grams (CVs) were used for the determination of substrate and the apparent coefﬁcient values for
these compounds at different electrodes. Finally, we have studied the surface morphology of the
modiﬁed electrode using scanning electron microscopy (SEM), which revealed that enzyme is coated
on nanomaterials.
ª 2012 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Biomolecule-based modiﬁed electrodes are attracting attention
rapidly partially due to the promising advances reported
recently (Li et al., 2009; Yogeswaran et al., 2010). This paper
pinpointed the FAD-dependent enzymes such as FAD (Kumar
et al., 2010; Lin et al., 2011), Cholesterol oxidase (ChOx)
(Yang et al., 2010; Zhang et al., 2012) and Glucose oxidase2270 17147; fax: +886 2270
t.net (S.-M. Chen).
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01(GOx) (Li et al., 2011b; Deng et al., 2012; Tasviri et al.,
2012). However, there are issues to be addressed before biosen-
sor or biofuel cells become competitive in practical applica-
tions. Some critical issues are enzyme lifetime and speciﬁc
activity, both of which are related to enzyme stability, electron
transfer rate, and enzyme loading. Recent progress in nanobi-
ocatalysis opens the possibility to improve in these aspects.
Many nanostructured materials, such as mesoporous media
(Pie et al., 2012), nanoparticles (Cheng et al., 2011; Rajkumar
et al., 2011; Thiagarajan et al., 2011; Tsai et al., 2011a,b),
nanoﬁbers, and nanotubes (Li et al., 2011b,d,e; Prakash
et al., 2009; Shie et al., 2009; Upadhyay et al., 2009a,b), have
been demonstrated as efﬁcient hosts of enzyme immobilization.
Nanomaterials have been used as hosts for enzymes immo-
bilization to improve the performance of enzymes in various
biocatalytic processes. In particular, carbon materials have at-
tracted a lot of attention due to their controlled porosity, highvier B.V. All rights reserved.
Scheme 1 Schematic of nanomaterials with FAD-dependent
enzymes reaction.
466 Y. Li et al.loading volume (Tapas et al., 2012), and large surface area
(Ting et al., 2011). It is evident that, when the nanostructure
of conductive materials is used, the large surface area of these
nanomaterials can increase the enzyme loading and facilitate
reaction kinetics, and thus improving the biocatalytic pro-
cesses of biosensor (Lin et al., 2011). In addition, research
efforts have also been made to improve the activity and stabil-
ity of immobilized enzymes by using nanostructures. Initially,
most enzymes immobilization in carbon materials was per-
formed via the conventional approaches of simple adsorption,
crosslinking (Thangamuthu et al., 2009; Tsai et al. 2011a,b),
electropolymerization and covalent attachment (Li et al.,
2011a,c), but they did not take long for more diverse
approaches to be developed and reported. Recently, various
nanobiocatalytic approaches have been gaining more and
more attention due to their successful results in biomolecule
stabilization. It appears to be reasonable to us to expect that
progress in nanostructured biocatalysts will play a critical role
in overcoming the major obstacles in the development of
biosensor.
This paper discusses the electrochemical response to
substrate composed of enzymes and nanomaterials on various
electrodes, and the enhancement of oxidation current by
nanomaterials modiﬁcation of the electrode surface. It was
interesting to study the electrochemical oxidation of substrate
in different carbon nanomaterials and conditions. In addition,
the observed behavior of enzymatic and electrochemical reac-
tions from enzymes has been estimated by digital simulation
of cyclic voltammograms.
2. Experimental
2.1. Materials
Multiwall carbon nanotube (MWCNTs) (OD= 10–20 nm,
ID = 2–10 nm and length = 0.5–200 lm), Anilien, Flavin ade-
nine dinucleotide (FAD) and Acetaminophen were obtained
from Aldrich. Cholesterol oxidase (ChOx), Glucose oxidase
(GOx), Cholesterol, Glucose, Cetrimonium bromide (CTAB),
Hydroquinone (HQ), 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC) and N-hydroxysuccinimide (NHS) were
obtained from Sigma. All other chemicals used were of analyt-
ical grade and used without further puriﬁcation. pH 7.0 (0.1 M
Na2HPO4 and 0.1 M NaH2PO4) Phosphate buffer solutions
(PBS), solutions were prepared from 1 M HClO4 for the pH
2.28 aqueous solution. Aqueous solutions were prepared using
doubly distilled deionized water and then deaerated by purging
with high purity nitrogen gas for about 20 min before perform-
ing electrochemical experiments. Also, a continuous ﬂow of
nitrogen over the aqueous solution was maintained during
measurements.
2.2. Apparatus
Cyclic voltammetry (CVs) was performed in an analytical sys-
tem model CHI-1205A and CHI-627 potentiostat. A conven-
tional three-electrode cell assembly consisting of an Ag/AgCl
reference electrode and a Pt wire counter electrode was used
for the electrochemical measurements. The working electrodes
were gold electrode (area 0.03 cm2) and glassy carbon electrode
(GCE; area 0.07 cm2). In these experiments, all the potentialshave been reported versus the Ag/AgCl reference electrode.
The morphological characterizations of the ﬁlms were exam-
ined by scanning electron microscopy (SEM) (Hitachi S-
3000H). Also, a continuous ﬂow of nitrogen over the aqueous
solution was maintained during measurements. All the experi-
ments were carried out at room temperature (25 C).
2.3. Preparation of different modiﬁed electrodes
Before starting each experiment, working electrodes were pol-
ished by BAS polishing kit with 0.05 lm alumina slurry rinsed
and then ultrasonicated in double distilled deionized water. In
this paper we fabricated three types of modiﬁed electrodes:
2.3.1. Type 1
This functionalization and treatment process of MWCNTs by
following the previous studies were done to get hydrophilic
nature for the homogeneous dispersion, in water. The gold
electrodes studied were uniformly coated with 50 lg cm2 of
MWCNTs and then dried at 35 C. The electropolymerization
of aniline with FAD to form Poly-aniline-FAD was performed
using the mixture 50 mM aniline and 1 mM FAD present in
pH 2.28 aqueous solution by consecutive CVs over a suitable
potential region of 0.35 to 1.0 V.
2.3.2. Type 2
The MWCNTs solution was obtained by mixing 1.0 mg of
MWCNTs and 1.0 mL of phosphate buffer solutions (PBS)
with sonication for 6 h. Prior to modiﬁcation, GCE electrode
was polished by the same steps. The cleaned GCE surface
was dipped in 2 lL of the prepared MWCNTs solution and
then dried out at room temperature. Then, it was dipped in
2 lL of the mixing solution of 0.1 M PBS containing 0.4 M
EDC and 0.1 M NHS and dried out at room temperature
for 4 h. This electrode was further immersed in fresh phos-
phate solution containing 1 mg/ml ChOx.
2.3.3. Type 3
MWCNTs (dispersed in the solution of 0.1% CTAB) was ultr-
asonicated for 6 h to get a uniform dispersion. The cleaned
GCE was coated with 2 lL of MWCNTs and the solvent
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immobilized onto the MWCNTs modiﬁed electrode surface by
adsorption attachment. 2 lL GOx solution (5 mg/mL in pH
7.0 PBS) was pipetted onto the electrode and the surface was
dried for approximately 1 h at room temperature. The resulted
modiﬁed electrode was stored in a refrigerator at 4 C for use.
All modiﬁed electrodes formed on the electrode surface can be
expressed as Scheme 1.
3. Results and discussions
3.1. Electrochemical characterizations of FAD-dependent
enzymes modiﬁed electrode
The electrochemical properties of FAD-dependent enzymes
(FAD, ChOx and GOx) with nanomaterials (3 types ofFigure 1 (A) Repetitive CVs of different modiﬁed gold-electrode
from 50 mM aniline with 1 mM FAD present in pH 2.28 aqueous
solution, scan rate 100 mV s1. Comparison of (a) Poly-aniline,
(b) Poly-aniline-FAD and (c) MWCNTs/Poly-aniline-FAD. (B)
CVs in 0.1 M PBS (pH 7.0) for different modiﬁed glassy carbon-
electrodes: (a) only ChOx, (b) MWCNTs and (c) MWCNTs/
ChOx, scan rate = 100 mV s1. (C) CVs in 0.1 M PBS (pH 7.0)
for different glassy carbon-electrodes: (a) only GOx, (b)
MWCNTs and (c) MWCNTs/GOx, scan rate = 100 mV s1.MWCNTs) modiﬁed electrode were investigated using cyclic
voltammetry in aqueous solutions having pH values between
2.28 and 7.0. Fig. 1 (A) represents the electrochemical redox
signals of Poly-aniline, Poly-aniline-FAD and MWCNTs/
Poly-aniline-FAD modiﬁed gold electrodes present in pH
2.28 aqueous solution; scan rate 20 mV s1. Among these ﬁlms,
Poly-aniline (curve a) has a redox couple at E0
0
= 0.51 V vs.
Ag/AgCl, whereas for Poly-aniline-FAD (curve b) two new re-
dox couples appear at E0
0
= 0.2 and 0.72 V along with the
enhancement in the redox couple’s peak current. Similarly in
MWCNTs/Poly-aniline-FAD (curve c), the presence of
MWCNTs abruptly enhances the Poly-aniline’s redox couple.
Fig. 1 (B) showed of bare GCE, MWCNTs and MWCNTs/
ChOx, respectively. The corresponding CVs have been exam-
ined at 100 mV s1 in the potential range of 0 to 0.9 V. Both
bare GCE (curve a) and MWCNTs (curve b) showed no obvi-
ous redox peaks. Particularly, a redox couple is signiﬁcantly
found at about E0
0
= 0.4 V ChOx (curve c). This is because
that the enzyme (ChOx) is a large family of ﬂavin-speciﬁc
oxidoreductases and is found in two different forms: one where
the FAD cofactor is covalently linked to the protein and one
where the cofactor is non-covalently bound to the protein.
Here, the redox process is involving the FAD/FADH2 redox
process of ChOx (Manjunatha et al., 2012). Further, it has
been observed that the presence of MWCNTs increases the
overall background current.
Fig. 1 (C) showed different modiﬁed electrodes only GOx,
MWCNTs and MWCNTs/GOx. The corresponding cyclic vol-
tammograms have been obtained at 100 mV s1 scan rate in
the potential range of 0.65 to 0.2 V. The redox peak current
at formal potential E0
0
= 0.39 V represents the redox peak
for GOx (curve c). Curve (a) of ﬁgure showed of GOx modiﬁed
electrode. As can be seen, there is no obvious peak in the
potential region studied. Curve (b) only MWCNTs modiﬁed
electrode showed broad background current. From this ﬁgure,
comparing curve (a) and curve (c), it is found that the presence
of MWCNTs showed the currents increased, and showed the
catalytic effect on GOx redox peak currents. The above results
showed that the presence of MWCNTs in the ﬁlm enhances the
redox reaction (Jacobs et al., 2012).
3.2. Electroanalytical response of acetaminophen, cholesterol
and glucose
The MWCNTs/Poly-aniline-FAD has been synthesized on
gold electrode at similar conditions as given in experimental
section. Then the MWCNTs/Poly-aniline-FAD modiﬁed elec-
trode has been washed carefully in deionized water and trans-
ferred to pH 2.28 aqueous solution for the electrocatalysis of
acetaminophen. Fig. 2 (A) showed the electrocatalytic oxida-
tion of acetaminophen (60 lM) at modiﬁed and unmodiﬁed
gold electrodes (curve a0); scan rate 20 mV s1. The CVs for
MWCNTs/Poly-aniline-FAD exhibit reversible redox couples
in the absence of acetaminophen (curve a), and upon addition
of acetaminophen a new growth in the oxidation peak of acet-
aminophen appeared at Epa = 0.72 V (curve b). This above
said anodic peak showed that the electrocatalytic oxidation
of acetaminophen takes place at Poly-aniline-FAD co-poly-
mer’s redox couple E0
0
= 0.718 V. More speciﬁcally, the
enhanced electrocatalytic activity of MWCNTs/Poly-aniline-
FAD can be explained in terms of both lower overpotential
and higher peak current than bare gold electrode. The anodic
Figure 2 (A) CVs of acetaminophen (60 lM) at (a0) bare gold
electrode and (b) MWCNTs/Poly-aniline-FAD in pH 2.28 aque-
ous solution at 100 mV s1, (a) MWCNTs/Poly-aniline-FAD was
shown with the absence of acetaminophen. (B) CVs of (a0) bare
GCE and (b) MWCNTs/ChOx examined in 0.1 M PBS (pH 7.0)
containing 28 mM cholesterol, (a) MWCNTs/ChOx in the absence
of cholesterol at100 mV s1. (C) CVs of different electrodes in
pH 7.0 PBS containing 1 mM HQ with 5 mM glucose, scan
rate = 100 mV s1: (a0) bare GCE and (b) MWCNTs/GOx; (a)
MWCNTs/GOx in the absence of glucose.
Figure 3 Showed current vs. concentration plot of (A) acetami-
nophen at MWCNTs/Poly-aniline-FAD, (B) cholesterol at
MWCNTs/ChOx and (C) glucose at MWCNTs/GOx modiﬁed
electrode.
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is enhanced by both MWCNTs and Poly-aniline-FAD.
The electroanalytical response in Fig. 2 (B) showed the cyc-
lic voltammogram of MWCNTs/ChOx examined in the ab-
sence (curve a) and presence (curve b) of the 28 mM
cholesterol. Compared with bare electrode (curve a0) examined
in the same concentration of cholesterol, the MWCNTs/ChOx
exhibited a redox couple (E0
0
= 0.4 V) and a higher cathodic
current response to cholesterol. This cathodic current response
occurs due to the well-known reaction mechanism of choles-
terol oxidation and the determination of H2O2. The enzymatic
reaction in the use of ChOx as a receptor can be described by
following equation:CholesterolþO2 ðin the presence of ChOxÞ
! Cholest 4 en 3 oneþH2O2 ð1Þ
The MWCNTs/GOx ﬁlm was synthesized on GCE at similar
conditions. Fig. 2 (C) showed the electrocatalytic oxidation
of glucose. Bare GCE (curve a0) and MWCNTs/GOx (curve
b); MWCNTs/GOx (curve a; absence of glucose) in pH 7.0
PBS containing 1 mM hydroquinone (HQ) with 5 mM glucose,
scan rate = 100 mV s1 in the potential range of 0.5 to 0.5 V.
Upon addition of glucose a new growth in the oxidation peak
at 0.78 V of respective analytes has appeared at the current val-
ues. Oxidation of glucose by the biocatalyst yields the reduced
FADH2 redox site. The hydroquinone (HQ) mediates oxida-
tion of FADH2 and further electron transfer to the electrode.
As the quinone is exposed to the electrode surface, its rapid
oxidation by the conductive support allows the cyclic electro-
chemically induced oxidation of glucose. The observations at
bare electrode (curve a0) clearly indicate the fouling effect of
the electrode surface with the oxidation obtaining the weak
single peak for glucose. From all these above results it is clear
that MWCNTs/GOx ﬁlm is more efﬁcient and exhibits en-
hanced functional properties compared to that of bare alone.
The enzymatic reaction in the use of GOx as a receptor can
be described as follows:
FADþ glucose !GOx FADH2 þGluconolactoneðEnzymaticÞ ð2Þ
FADH2!HQFADþ 2Hþ þ 2eðElectrochemicalÞ ð3Þ3.3. Sensitivities and correlation coefﬁcient of different modiﬁed
electrodes
In these above electrocatalysis experiment, we have been calcu-
lated in Fig. 3. Figure (A) an increase in the concentration of
6–60 lM acetaminophen simultaneously produces a linear in-
crease in the oxidation peak current of acetaminophen with
good ﬁlm stability at MWCNTs/Poly-aniline-FAD. It is obvi-
ous that the MWCNTs/Poly-aniline-FAD showed higher elec-
trocatalytic activity for acetaminophen than bare gold
Bionanotechnology approach for FAD-dependent enzymes with nanomaterials sensor 469electrode. Where, the increase in peak current and decrease in
overpotential; both are considered as the electrocatalytic activ-
ity. From the slopes of linear calibration curves, the sensitivi-
ties of MWCNTs/Poly-aniline-FAD modiﬁed gold electrodes
and correlation coefﬁcient were 78.05 mA mM1 cm2 and
0.9914. It is obvious that the sensitivity of MWCNTs/Poly-ani-
line-FAD is higher for acetaminophen when comparing Poly-
aniline-FAD and MWCNTs ﬁlms. The overall view of these
results reveals that MWCNTs/Poly-aniline-FAD was efﬁcient
for acetaminophen analysis.
As shown in Figure (B), the calibration curve was found to
have linear correlation between electrocatalytic current and
cholesterol concentration. The steady-state reduction current
varies linearly with cholesterol concentrations in the entire
concentration range between 0.02 and 0.28 ·mM. The sensi-
tivity of MWCNTs/ChOx electrode was 8.64 lA mM1 cm2
with a correlation coefﬁcient of 0.969. This sensor has compet-
itive performance when compared with other ChOx based cho-
lesterol biosensors.
Figure (C) showed a current vs. concentration plot of glu-
cose at MWCNTs/GOx electrode. An increase in concentra-
tion of glucose, simultaneously produced a linear increase in
the oxidation peak currents of the glucose. The growth of
the cyclic voltammogram current exhibit a potential of
E0
0
= 0.78 V (vs. Ag/AgCl). The sensitivities of MWCNTs/
GOx modiﬁed electrodes and correlation coefﬁcient were
612.71 lA mM1 cm2 and 0.986. The response current in-
creased in concentration range between 0.01 and 6.19 mM.Figure 4 SEM images of (A0) Poly-aniline-FAD and (A) MWCNTs/
and (C) MWCNTs/GOx on ITO electrode.These results showed the enhanced functional property in the
presence of MWCNTs.
3.4. Morphological characterization of modiﬁed electrode
SEM is a very useful technique that can image conductive
nanomaterials as well. It can also be used for imaging the sur-
face of polymer membranes if a thin layer of conductive mate-
rial is sputter coated on the surface. The surface morphology
of different types of modiﬁed electrode has been examined
using SEM. Here the SEM studies could furnish the compre-
hensive information about the surface morphology of nano-
structure on the ITO surface. Prior to modiﬁcation, ITO
surfaces were cleaned and ultrasonicated in acetone–water
mixture for 15 min and then dried. Further, three types of
modiﬁed electrodes have been prepared on ITO electrode
and were characterized using SEM. From Fig. 4, it is signiﬁ-
cant that there are morphological differences between both
the types. It is a well known fact that the prolonged exposure
to the electron beam will damage the biomolecule (such as
FAD, enzyme, DNA, etc.) so an utmost care was taken to
measure these images. Comparison of (A0) and (A) SEM
images reveals signiﬁcant morphological difference between
Poly-aniline-FAD and MWCNTs/Poly-aniline-FAD. The top
views of nanostructures showed grains of Poly-aniline-FAD
deposited on the electrode. The MWCNTs/Poly-aniline-FAD
showed that the plateaus of Poly-aniline-FAD deposited over
MWCNTs to form MWCNTs /Poly-aniline-FAD. SecondPoly-aniline-FAD; (B0) ChOx and (B) MWCNTs/ ChOx; (C0) GOx
470 Y. Li et al.type modiﬁed electrode (B0) ChOx and (B) MWCNTs/ ChOx
on the ITO electrode surface showed uniformly deposited
homogeneously dispersed MWCNTs on this electrode. The
MWCNTs/ChOx reveals that the ChOx had covered the
entire MWCNTs. Comparison of (B0) only ChOx and (B)
MWCNTs/ChOx reveals, these results could be explained as
the increase in deposition of ChOx on MWCNTs. We can
clearly see that the immersed MWCNTs/ChOx has been gath-
ered together. Typical SEM images of the (C0) GOx and (C)
MWCNTs/GOx surfaces are shown. In the SEM analysis the
GOx was exhibited as an irregular surface. At the same time,
after modiﬁcation the MWCNTs are shown in (C). It indicates
that the surface modiﬁed the MWCNTs and can assist in load-
ing more substrate and uniform coating.
4. Conclusions
We have demonstrated the application of enzyme modiﬁed
electrode for determination of substrate. This feature provides
a favorable clinical diagnosis for the electrocatalytic oxidation
of substrate at modiﬁed electrode. High sensitivity and stability
together with very easy preparation modiﬁed the electrode as
promising candidate for constructing simple electrochemical
biosensor. The experimental methods of CVs with biosensor
integrated into the modiﬁed electrode which are presented in
this paper, provide an opportunity for qualitative and quantita-
tive characterization, even at physiologically relevant condi-
tions. The SEM results have showed the difference between
enzymes and nanomaterials/enzymes ﬁlms morphological data.
Therefore, this work establishes and illustrates, in principle and
potential, a simple and novel approach for the development of
a voltammetric sensor.Acknowledgement
This work was supported by the National Science Council of
the Taiwan (ROC).
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